Objective: During childhood, the brain can consume up to 65% of total calories, and a steady supply of the brain's main fuel glucose needs to be maintained. Although the brain itself is not dependent on insulin for the uptake of glucose, insulin plays an important role in energy homeostasis. Thus, the risk for insulin resistance during brain development may negatively impact the whole brain volume.
| INTRODUCTION
The adult brain consumes from~20% to 25% of total calories even though it only accounts for~2% of the total body weight. 1 Caloric needs are even more important in childhood when total energy consumed can reach heights of~65%. 2 The brain's main energy source is glucose, which needs to be actively transported through the blood brain barrier in a continuous and steady manner. Importantly, although the brain itself is not dependent on the hormone insulin in order to take up glucose, insulin is critical in regulating the supply of glucose in the peripheral blood stream. In the periphery, insulin signals cells to increase glucose uptake. 3 Beyond regulating peripheral glucose, insulin also functions at the blood brain barrier where insulin is both brought into the brain via a saturable transport system and acts on embedded receptors. 4, 5 Finally, insulin receptors within the brain make the brain itself an insulin sensitive organ. 6 In adults, an association between the insulin resistance and the reduced brain volume has been shown in a number of studies. [7] [8] [9] In children, type 1 diabetes has shown widespread deleterious effects on the growth of gray and white matter. 10 In this research, we sought to identify if a similar pattern could be identified in youths with insulin resistance. Our research was driven by the hypothesis that because the brain is so energetically expensive, abnormalities in metabolism during childhood could have widespread implications.
Here, insulin resistance, based on relatively high vs low levels of insulin in overweight and depressed youths, was used as a proxy for metabolic impairment. Importantly, this research was focused on a general association between the insulin resistance and the brain in childhood and, therefore, did not focus on a particular region of the brain. Rather than focusing on a particular region, we chose the broadest and simplest structural measures obtainable with MRI: whole brain volume. We hypothesized that higher levels of insulin would be associated with smaller whole brain volumes. In order to test this hypothesis, we investigated the relationship between the insulin resistance, as measured before, during, and after an oral glucose tolerance test (OGTT), and the whole brain volume. 
| Indices of insulin sensitivity
The participants were assessed on serum markers of insulin resistance after a glucose challenge using the OGTT. After an overnight fast of at least 10 hours, youth participants had blood drawn for glucose and insulin at the following time points: fasting at t − 10 minutes before glucose challenge, fasting at t = 0 just prior to glucose challenge, and then t + 30 minutes, t + 60 minutes, t + 90 minutes, and t + 120 minutes after glucose challenge with 75 g of a glucola oral solution. Insulin values were measured by an immunoassay. Insulin sensitivity was determined by fasting insulin measures and with the Matsuda Index, calculated with the following formula: Matsuda = 10 000/(G0 × I0 × Gmean × Imean)1/2, where G0 is fasting glucose, I0
is fasting insulin, Gmean is the average serum glucose level across the entire OGTT period, and Imean is the mean insulin level across the entire OGTT period. 14 A higher Matsuda index denotes more insulin sensitivity.
| MRI acquisition
Brain images were acquired on a 3 T General Electric (GE) Signa
Excite scanner equipped with an 8-channel head coil. Structural images were collected using a fast spoiled gradient (3D) recalled pulse 
| MRI preprocessing
Scans were processed using FreeSurfer to produce a measure of whole brain volume (http://surfer.nmr.mgh.harvard.edu). 
| MRI analysis
We used the Statistical Package for Social Sciences version 22 to conduct a partial correlation between the whole brain volume and the Matsuda Index. Age, sex, BMI Z-score, CDRS scores, socioeconomic status (SES), Tanner stage and IQ were included as covariates.
| RESULTS
The participant details are summarized in Table 1 . To isolate the effects of risk for insulin resistance on the total brain volume, we performed a partial correlation to control for age, sex, depression severity, BMI Z-score, SES, Tanner Stage, and IQ included as covariates.
The effects of these covariates (as measured via multiple regression) on the 2 primary variables of interest are summarized in Tables 2 and   3 . After controlling for the age, sex, depression severity, BMI Z-score, SES, Tanner Stage, and IQ via partial correlation, the whole brain volume and the Matsuda Index were significantly associated with each other (r = 0.395, P = .014) Figure 1 .
| DISCUSSION
This study demonstrated that smaller whole brain volumes are associated with insulin resistance in childhood. The relationship between the brain and insulin is complex, and there is still much we do not know 6 ; however, we do know that the brain requires a large portion of the body's glucose 1 and needs even more in childhood. 2 This research was conducted with the hypothesis that because insulin is intricately linked to the peripheral glucose supply that powers the brain, and because the brain consumes a large portion of glucose, insulin resistance in childhood may be negatively associated with the whole brain volume. Our results support this hypothesis.
This research was done within obese children with depressive symptoms, who are at high risk for developing insulin resistance. This is because insulin resistance is closely tied to obesity in developing populations; obesity in turn has been linked to metabolic, cardiovascular, gastrointestinal, pulmonary, orthopedic, and psychiatric disorders. 18, 19 In addition, recent evidence in adults [20] [21] [22] [23] and youths 24 suggests fundamental neural and behavioral disruptions that link depression to insulin resistance through a shared underlying mechanism that 25, 26 mediates the progressive worsening of depressive symptoms. [27] [28] [29] [30] In order to isolate the effects of insulin resistance, we controlled for depressive symptoms, BMI Z-score, SES, Tanner Stage, and IQ in our analysis. We found that insulin resistance is associated with populations. [33] [34] [35] [36] [37] Furthermore, because this study was focused on the general association between the insulin and the whole brain, it is possible that particularly sensitive target regions of insulin such as the hypothalamus, striatum, and other limbic (eg, hippocampus), and prefrontal regions may be even more adversely impacted. 6, 38, 39 Although the purpose of this research was to examine the association between risk for insulin resistance and whole brain volume in childhood, the question remains of how exactly peripheral insulin resistance is associated with smaller brain volumes. In adults, peripheral insulin resistance has been linked to brain atrophy, 6, 40 and in children, it has been linked to abnormal brain growth. 10 Although we cannot currently answer whether the association between the brain volume and the insulin resistance in this study is related to atrophy or abnormal brain growth, it is becoming increasingly clear that insulin resistance is associated with brain abnormalities. For example, research in adults has also found a negative relationship between the insulin resistance and the brain, including reduced hippocampal and cortical gray matter volumes, 41, 42 widespread white matter alterations, 43 and functional connectivity abnormalities. 44 In addition,
like those previous studies, we also used the OGTT in order to measure peripheral insulin resistance, which is limited compared to the "gold standard" hyperinsulinemic euglycemic clamp. 45 In order to maximize our own quantification of insulin resistance, we chose a commonly used measure (Matsuda Index) derived from the OGTT that has been previously shown to be highly correlated with the gold standard clamp in children. 46 Finally, the OGTT measurements are based on peripheral insulin levels. There is evidence that the concentration of insulin in the brain is higher than in the periphery. 47, 48 Interestingly, although this fact means our use of insulin levels in the peripheral blood leaves a lot to be desired, because central concentrations of insulin are high, it hints at the relative importance of insulin's role in the brain. Future research that takes advantage of improved brain insulin biomarkers 49 will be better positioned to unravel the precise role of insulin insensitivity in the developing brain.
In addition, beyond insulin, other obesity-related endocrine changes 50 may also be associated with brain development.
We have provided evidence that a risk for insulin resistance in childhood is associated with smaller whole brain volumes. This finding needs to be reproduced in a larger independent sample, and tracked longitudinally and in transitions to adulthood. As obesity, 32 depression, 51, 52 and diabetes 53, 54 are reaching epidemic proportions, disentangling the precise relationship between insulin and the developing brain should be viewed as a priority.
